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Plasmodium falciparum is a protozoan parasite of
human erythrocytes that causes the most severe form
of malaria. Severe P. falciparum infection is associ-
ated with endothelial activation and permeability,
which are important determinants of the outcome of
the infection. How endothelial cells become activated
is not fully understood, particularly with regard to the
effects of parasite subcomponents. We demonstrated
that P. falciparum histones extracted from merozo-
ites (HeH) directly stimulated the production of IL-8
and other inflammatory mediators by primary hu-
man dermal microvascular endothelial cells through
a signaling pathway that involves Src family kinases
and p38 MAPK. The stimulatory effect of HeH and
recombinant P. falciparum H3 (PfH3) was abrogated
by histone-specific antibodies. The release of nuclear
contents on rupture of infected erythrocytes was cap-
tured by live cell imaging and confirmed by detecting
nucleosomes in the supernatants of parasite cultures.
HeH and recombinant parasite histones also induced
endothelial permeability through a charge-dependent
mechanism that resulted in disruption of junctional
protein expression and cell death. Recombinant hu-
man activated protein C cleaved HeH and PfH3 and
abrogated their proinflammatory effects. Circulating
nucleosomes of both human and parasite origin were
detected in the plasma of patients with falciparum ma-
laria and correlated positively with disease severity.
These results support a pathogenic role for both host-
1028and pathogen-derived histones in P. falciparum-caused
malaria. (Am J Pathol 2012, 180:1028–1039; DOI:
10.1016/j.ajpath.2011.11.037)
Plasmodium falciparum, the causative agent of the most
severe form of malaria, is a protozoan parasite of human
erythrocytes. Because of their intravascular localization,
P. falciparum-infected erythrocytes (IRBCs) are in intimate
contact with vascular endothelium throughout the 48
hours of the parasite life cycle, particularly in the second
half of the life cycle, when mature parasites adhere to the
endothelium by means of parasite proteins that are trans-
ported to the IRBC surface.1 Cytoadherence is vital to the
survival of the parasites, in that it allows them to evade
clearance by the spleen. Unfortunately, the process may
also lead to pathology in the host through obstruction of
microcirculatory blood flow, with resulting tissue hypoxia,
metabolic disturbances, and organ dysfunction.2
A further consequence of cytoadherence is the release
of parasite products or components in close proximity to
the endothelium at the time of schizogony. Several re-
leased components have been shown to induce a proin-
flammatory response in different immune cell types. For
example, the glycosylphosphoinositol (GPI) anchor of
malarial cell surface proteins on plasma membranes
stimulates TNF- and IL-12 production by macro-
phages.3–6 Hemozoin (Hz), a polymer of heme that ac-
cumulates in the digestive vacuole of intraerythrocytic
parasites as an insoluble by-product of hemoglobin deg-
radation, or a synthetic preparation from hemin, activates
the NOD-like receptor containing pyrin domain 3 (NLRP3)
inflammasome in lipopolysaccharide-primed macro-
phages.7–9 As well, Hz has been reported to function as
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rived dendritic cells for the recognition of DNA by TLR9,10
or to activate TLR9 directly.11 Most recently, the TLR9-
dependent proinflammatory effect of plasmodial compo-
nents on human plasmacytoid dendritic cells was found
to be induced by nucleosomes12 in which the histones
are believed to provide a positive charge that facilitates
internalization of parasite DNA, analogous to the role of
the antimicrobial cationic peptide LL37 in shuttling host
DNA into plasmacytoid dendritic cells in psoriasis.13 P.
falciparum also produces uric acid,14 a metabolite that
has the potential to activate the NLRP3 inflammasome.15
Endogenous uric acid could also be released from host
cells damaged by Hz.14,16
Compared with the extensive investigations with clas-
sical antigen-presenting cells, the interaction between P.
falciparum components and microvascular endothelium is
less well studied. Endothelial cells may in fact have a
critical role in host response to microbial pathogens, in
terms of protection, pathogenesis, or both.17–19 For pa-
tients who have died from severe falciparum malaria,
there is histopathological evidence from both adult and
pediatric patient populations of widespread endothelial
activation that is manifested as up-regulation of adhesion
molecule expression, chemokine/cytokine production,
and endothelial permeability.20,21 Clinically, disruption of
blood-brain barrier integrity is associated with cerebral
malaria, the complication that predominates in chil-
dren,22 and vascular leakage and leukocyte recruitment
are hallmarks of the acute lung injury syndrome seen in
adults.23,24 Whether endothelial activation occurs as a
response to leukocyte-derived proinflammatory media-
tors or as a direct response to parasites is not well doc-
umented. In particular, few studies have addressed the
role of specific subcellular parasite components on en-
dothelial cell dysfunction. We have previously reported
that endothelial permeability in primary dermal and lung
microvascular endothelium in vitro could be induced by
P. falciparum merozoite proteins by disruption of junc-
tional protein expression through a Src family kinase-
mediated mechanism.25
Histones are small, detergent-insoluble, acid-soluble
proteins found abundantly in insoluble chromatin com-
plexes. Until recently, histones have been thought of pri-
marily as a key component of chromatin, regulating gene
transcription. There is now growing evidence to support
important extrachromatin functions of histones in infec-
tions. Histones may have potent antimicrobial effect
through induction of pore formation in bacterial cell mem-
branes as a result of their positive charge.26 As well,
granulocytes (primarily neutrophils) can extrude histone-
rich chromatin to generate neutrophil extracellular traps
that capture and kill bacteria.25,27 On the other hand,
extracellular histones have been demonstrated to medi-
ate endothelial cytotoxicity, leading to gross morpholog-
ical changes associated with acute lung injury in mice in
vivo and in human endothelial cells in vitro.28 Moreover,
anti-histone antibodies dramatically reduced mortality in
several murine models of severe sepsis. Because nu-
clear proteins are highly conserved, we hypothesized
that plasmodial histones from merozoites may have asimilar role in the induction of endothelial dysfunction in
severe falciparum malaria.
In the present study, we investigated the role of P.
falciparum histones on the induction of IL-8 and endothe-
lial barrier dysfunction in primary microvascular endothe-
lial cells in vitro. We found that P. falciparum histones
induce both a proinflammatory response and endothelial
permeability in primary human dermal and lung micro-
vascular endothelial cells. Parasite histones also in-
creased endothelial permeability by inducing disruption
of junctional proteins and cell death, which may be re-
lated to the high positive charge on these nuclear pro-
teins. Both IL-8 induction and permeability were inhibited
by recombinant human activated protein C (rhAPC) that
cleaved plasmodial histones. The release of nuclear con-
tents on IRBC rupture was captured by live cell imaging
and was confirmed by the detection of nucleosomes in
supernatants of parasite cultures. Circulating nucleo-
somes of human and parasite origin were detected in the
plasma of patients with falciparum malaria and correlated
positively with severity. Taken together, our results sug-
gest that extracellular histones may have an important
role in the pathogenesis of severe falciparum malaria.
Materials and Methods
Tissue Culture and Other Reagents
Unless otherwise stated, all tissue culture reagents were
purchased from Invitrogen Canada (Burlington, ON, Can-
ada) and chemical reagents were purchased from
Sigma-Aldrich (Oakville, ON, Canada). The Src-family ki-
nase inhibitor PP1 and the inactive analog PP3 were
purchased from Enzo Life Sciences International (Plym-
outh Meeting, PA). ZVAD-fmk was purchased from Cal-
biochem (EMD4BioSciences, San Diego, CA). Chemilu-
minescence horseradish peroxidase substrate was
purchased from Millipore (Billerica, MA). The substrate
3,3=,5,5=-tetramethylbenzidine (Pierce TMB) was pur-
chased from Thermo Scientific (Rockford, IL). Recombi-
nant human histone H4 was purchased from New Eng-
land Biolabs (Ipswich, MA). DNase I was purchased from
Qiagen Canada (Mississauga, ON, Canada). Recombi-
nant human activated protein C [drotrecogin alfa (acti-
vated)] was a kind gift of Dr. Brent Winston, Department
of Critical Care, Foothills Hospital, Calgary, AB, Canada.
Parasites and Patient Plasma
The laboratory-adapted parasite clone 3D7 was cultured
at 37°C and 5% CO2 for histone extraction from merozo-
ites. The stock parasites were shown to be mycoplasma-
free by real-time quantitative PCR (qPCR) (Stratagene, La
Jolla, CA). Aliquots of parasites were cultured for a max-
imum of 2 weeks. Plasma samples from a large study of
adult patients with severe falciparum malaria29,30 were
obtained from the Center for Tropical Diseases, Ho Chi
Minh City, Vietnam. The collection of clinical specimens
was approved by the Ethics and Scientific Committee of
the Center for Tropical Diseases. Informed consent was
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the Declaration of Helsinki.
Antibodies
Polyclonal antibody to human ZO-1 was purchased from
Zymed (Invitrogen). Fluorescein isothiocyanate (FITC) or
Alexa Fluor 488 labeled anti-rabbit secondary antibodies
were purchased fromMolecular Probes (Invitrogen). Anti-
His-probe antibodies were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA). Anti-p38 MAPK and
anti-phospho-Thr 180/Tyr182 p38 MAPK were purchased
from Cell Signaling Technology (Danvers, MA). Anti-
phospho-Tyr 418 Src was purchased from BioSource
(Invitrogen). Anti-TLR2 (clone 2.5), anti-hTLR4-IgA (clone
W7C11), and control IgA2 (clone T9C6) were purchased
from InvivoGen (San Diego, CA). Mouse IgG1 (clone
11711) was purchased from R&D Systems (Minneapolis,
MN). Horseradish peroxidase-conjugated secondary an-
tibodies were purchased from Jackson ImmunoResearch
Laboratories (West Grove, PA). Monoclonal antibodies to
mouse H3 (LG2-1) and H2A/H4 (BWA3) were produced
as described previously.31
Endothelial Cells
Human dermal microvascular endothelial cells (HDMECs)
were harvested from discarded neonatal human fore-
skins using 0.5 mg/mL Type IA collagenase (Roche Di-
agnostics, Indianapolis, IN) as described previously.32
The collection of skin specimens for isolation of endothe-
lial cells was approved by the Conjoint Ethics Board of
Alberta Health Services and the University of Calgary,
Alberta, Canada. The cells were maintained in endothe-
lial basal medium (EBM; Lonza Walkersville, Walkersville,
MD), with supplements provided by the manufacturer.
Experiments were performed with cells from passages
one to five that showed consistent response in Transwell
permeability assays (see below). Primary human blood
lung microvascular endothelial cells at passage 3 were
purchased from Lonza and maintained in the same me-
dium as HDMECs. Lung cells were used from passage
four to eight.
Purification of Parasite Histones
P. falciparum histones were purified from merozoites as
described previously.33 Briefly, released merozoites of
3D7 parasites at schizogony were extracted in 25 mmol/L
Tris-HCl (pH 7.8) containing 1 mmol/L EDTA and 0.2%
(v/v) Nonidet P40 (NP40). Extracts were washed in 0.8
mol/L NaCl followed by incubation with 10 volumes of
0.25 mol/L HCl on ice for 1 hour with constant mixing.
Acid-insoluble contaminants including all hemozoin were
pelleted. The HCl extract was neutralized to pH 7 by
adding NaOH, and double-distilled water was added to
return salt concentrations to physiological levels (0.9%).
Preparations were concentrated using 3-kDa centrifuge
filters (Millipore). The supernatant was analyzed by SDS-
PAGE or frozen in aliquots at 80°C. Protein levels of
supernatants were quantified by a Bradford protein assay(Bio-Rad Laboratories, Mississauga, ON, Canada). DNA
content was determined by a Quant-iT PicoGreen dou-
ble-stranded DNA kit (Molecular Probes, Invitrogen). En-
dotoxin content was determined by a PyroGene recom-
binant factor C kit (Lonza).
Recombinant Histone Preparation
Recombinant H3 from P. falciparum (PfH3) was prepared
as described previously.34 Recombinant PfH3 pET22(b)
plasmid was expressed in Escherichia coli strain BL21
(DE3) (Invitrogen) with 1 mmol/L isopropyl--D-thiogalac-
topyranoside induction for 5 hours at 30°C. His-tagged
protein was purified by Talon beads (Clontech Laborato-
ries, Mountain View, CA) under denaturing conditions
with the addition of 8 mol/L urea. After purification, the
recombinant proteins were eluted with imidazole and re-
natured by extensive dialysis with gradually reduced
urea concentrations, and finally with PBS at 4°C. Insolu-
ble proteins were further removed by centrifugation at
10,000  g for 10 minutes. The presence of endotoxin
was determined by means of a PyroGene recombinant
factor C kit (Lonza).
Live Cell Imaging of IRBC Rupture
Live cell imaging was performed in an ibidi -slide VI0.4
chamber (ibidi GmbH, Munich, Germany) equilibrated
and maintained at 37°C and 5% CO2 for the duration of
the experiment. Late-stage (46 hours) IRBCs were pu-
rified to 99% using magnetic-activated cell sorting
(MACS LS; Miltenyi Biotec, Auburn, CA) columns as de-
scribed previously.35 Purified IRBCs were washed twice
with RPMI 1640 medium and added to ibidi chambers
precoated with poly-L-lysine (1 mol/L for 10 minutes) to
immobilize IRBCs for prolonged imaging. Nonadherent
IRBCs were washed off with RPMI 1640, after which RPMI
1640 with 0.5% Albumax and 300 nmol/L Sytox Green
was added to the chambers for the remainder of the
experiment. IRBCs were imaged using an Olympus IX81
inverted confocal microscope (Olympus America, Center
Valley, PA) with a PlanAPO 60 oil immersion objective
(NA 1.42) and were controlled and captured with Olym-
pus FluoView 1000 software. Images were captured at 0
and 4 hours. Serial images of the same field of view were
also acquired over the course of 10 minutes, showing
rupture of a schizont and a merozoite. These still images
were compiled into a video with ImageJ software version
1.44 (NIH, Bethesda, MD) and Microsoft Windows Live
Movie Maker version 2011 (Redmond, WA).
Western Blot Analysis of Signaling Molecules
and Detection of Histones
Whole-cell lysates were prepared by adding Laemmli’s
sample buffer at 90°C to control or stimulated HDMECs in
12-well dishes and immediately collecting lysates with a
cell scraper. Cell lysates were separated on a 7.5% gel
by SDS-PAGE and transferred to nitrocellulose mem-
branes. Detection of signaling proteins was performed by
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corresponding horseradish peroxidase-conjugated sec-
ondary antibodies. Reactions were detected by chemilu-
minescence using Immobilon Western horseradish per-
oxidase substrate (Millipore).
HeH and recombinant PfH3 resuspended in Laemmli’s
sample buffer were separated on precast 4% to 15%
gradient gels (Bio-Rad Laboratories. Mississauga, ON,
Canada) by SDS-PAGE. Proteins were visualized by
staining with Coomassie Blue. Western blotting of PfH3
was performed with anti-His-probe antibody (1:1000 di-
lution). Western blots of HeH were probed with BWA3
monoclonal antibody (mAb) for H2A/H4 and LG2-1 for H3
(1 g/mL overnight at 4°C with constant agitation).
Transwell Permeability Assay
A Transwell permeability assay was performed on 12-mm
Costar polyester Transwell supports with a pore size of
0.4 mm (Corning Life Sciences, Wilkes Barre, PA), as
described previously.25 Transendothelial resistance
(TER) was monitored using an EndOhm voltohmeter
(World Precision Instruments, Sarasota, FL). Permeability
was measured with FITC-labeled albumin (250 g/mL),
and the amount of leaked labeled albumin was deter-
mined by spectrophotometry [Wallac Victor 2 (1420);
PerkinElmer, Waltham, MA]. Results are expressed as
percent permeability.
qPCR Array
PCR arrays profiling the expression of 84 pathway-spe-
cific genes plus controls (human TLR signaling pathway
PCR array; SABiosciences-Qiagen, Frederick, MD) were
performed according to the manufacturer’s instructions.
All PCR array data were analyzed by SuperArray analysis
spreadsheet software (SABiosciences), which uses a
Student’s paired t-test based on the corrected CT val-
ues. The CT values are normalized within each sample
by five housekeeping genes: -2-microglobulin, hypo-
xanthine phosphoribosyltransferase, ribosomal protein
L13a, glyceraldehyde-3-phosphate dehydrogenase, and
-actin.
qPCR for Human- and Parasite-Derived
Genomic DNA
DNA from 400 L of plasma from patients with acute
malaria and controls was extracted using a QIAamp
blood kit (Qiagen). qPCR for P. falciparum 18S RNA36 and
human -globin genes37 was performed by standard
methods in an iCycler iQ PCR detection system (Bio-Rad,
Copenhagen, Denmark) using SYBR Green dye. The av-
erage value of relative cycle number was used to quantify
the amount of DNA against a standard curve derived
from DNA harvested from IRBCs or HDMECs.ELISA for Nucleosome Detection
A cell death detection enzyme-linked immunosorbent as-
say (ELISA) was performed according to the manufactur-
er’s instructions (ELISAplus; Roche Diagnostics, India-
napolis, IN).38 A standard curve was constructed using
purified nucleosomes from P. yoelii.12 Parasite superna-
tant for detection of nucleosome was generated by cultur-
ing 3D7 parasites synchronized with 5% sorbitol within 4
hours of reinvasion. Synchronized IRBCs were cultured in
RPMI 1640  Albumax at 10% parasitemia and 1% hemat-
ocrit in six-well plates. One milliliter of culture was collected
at 0, 24, 44, 48, 52, 56, and 60 hours. At each time point, the
culture supernatant was centrifuged at 2000  g for 5 min-
utes to remove red cells, merozoites, and food vacuoles.
The supernatant was stored at 80°C.
ELISA for Cytokines
Human IL-1, IL-6, IL-10, IFN-, and TNF- expression
was determined by an antibody-capture ELISA using an
unlabeled anti-human cytokine mAb for capture and a
biotinylated mAb for detection (Endogen, Boston, MA),
according to the manufacturer’s instructions. IL-8 was
determined using DuoSet antibodies (R&D Systems). The
lower limit of detection of the assays was 15 pg/mL.
Statistical Analysis
Statistics were performed using GraphPad Prism version
5.00 (GraphPad Software, La Jolla, CA). All in vitro data
are presented as means  SEM. Data from control and
treated cells were compared by Student’s t-test for paired
samples. For multiple comparisons, analysis of variance
(analysis of variance) followed by post hoc analysis with
Tukey’s test was used. P  0.05 was considered statis-
tically significant. For clinical samples, all data were an-
alyzed by nonparametric methods and are reported as
median and interquartile ranges.
Results
Preparation of P. falciparum Histones
P. falciparum histones from merozoites were extracted
with hydrochloric acid, as described previously.33 Con-
sistent with previous reports,33,34 Coomassie Blue stain-
ing of the HCl extracts (HeH) separated on a SDS-PAGE
gel revealed a number of prominent bands at approxi-
mately 10 to 16 kDa, representing histone H2A/B, H3, H4,
and their variants (Figure 1A), which together constituted
80% of the total protein content. The specificity of the
bands was confirmed by immunoblotting with histone-
specific antibodies (Figure 1, B and C). HeH contained
minimal double-stranded DNA (5.57  2.49 ng/50 g
protein). As well, the endotoxin level of the HeH prepa-
rations was consistently below the level of detection (10
pg/5 mg protein).
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When HDMECs were stimulated with HeH, IL-8 was in-
Figure 1. P. falciparum histone extracts induced IL-8 production and en-
dothelial permeability. A: HeH proteins (25 g/lane) from merozoites of
parasite clone 3D7 were separated on a 6% SDS-PAGE gel and visualized
with Coomassie Blue staining. Prominent bands between 10 and 16 kDa
represent H2A/B, H3, H4, and their variants. A and B: Western blot of HeH
probed with 1 g/mL of anti-H2A/H4 (BWA3) (B) and anti-H3 (LG2-1) (C).
Results are representative of three different HeH preparations. D: Dose-
response relationship of HeH for IL-8 production at 24 hours. HDMECs or
human lung microvascular endothelial cells (HLMECs) were seeded at 1 
104 cells/well in 96-well plates (n 	 3 for each cell type). E: Dose-response
relationship of HeH for permeability of HDMECs and HLMECs as measured
by FITC-albumin flux at 24 hours in a Transwell assay (n 	 3 for each cell
type). F: Time course of HeH on permeability as measured by transendo-
thelial electrical resistance (TER) (n 	 3). G: Time course of HeH on IL-8
production (n 	 3). H: The stimulatory effect of HeH was abrogated by
pretreatment with proteinase K and trypsin, but not heat or DNase 1 (n 	 3).
I: Inhibition of IL-8 production by histone depletion with mAb BWA3 against
H2A/H4 (100 g/mL) (n 	 3). *P  0.05, **P  0.01, and ***P  0.001,
compared with control by Student’s paired t-test, or between indicated
groups by analysis of variance with post hoc analysis with Tukey’s test.duced in a dose-dependent manner (Figure 1D). More-over, HeH induced gene transcription of a number of
other inflammatory mediators involved in proinflammatory
signaling pathways, including MCP-1, IL-8, and COX2,
but not IFN- or IFN- (see Supplemental Figure S1 at
http://ajp.amjpathol.org). HeH also induced an increase in
endothelial permeability, as indicated by FITC-albumin
flux (Figure 1E) and transendothelial resistance (Figure
1F). Importantly, both IL-8 and permeability responses
could be induced in primary human lung microvascular
endothelial cells. The effect of HeH on permeability was
not significantly different after 4, 12, and 24 hours of
stimulation (P  0.05 for all comparisons) (Figure 1F),
whereas IL-8 production continued to increase through-
out the 24-hour incubation period (Figure 1G). The activ-
ity of HeH was inhibited by proteases, but not by DNase
1 or heat treatment (Figure 1H). Depletion of histone H2A-
and H4-containing complexes with mAb BWA331 com-
pletely removed the activity from HeH (Figure 1I).
These data strongly suggested that histones contrib-
ute to the endothelial dysfunction seen in falciparum ma-
laria. To confirm a role for histones, recombinant P. fal-
ciparum H3 (PfH3) was produced in E. coli. The specificity
of the recombinant protein was shown by SDS-PAGE gel
(Figure 2A) and immunoblotting with anti-H3 antibody
(Figure 2B). Because we were unable to obtain a good
yield of PfH4, a commercial recombinant human histone
H4 was used, which is 92.1% homologous to PfH4 at the
amino acid level. Both PfH3 (Figure 2C) and H4 (Figure
2D) induced endothelial permeability and IL-8 at the
highest concentration tested (50 g/mL). The recombi-
nant proteins contained 50 pg and 10 pg endotoxin
per milligram of protein, respectively. Permeability and
IL-8 induced by PfH3 was inhibited by pretreatment of the
recombinant histone with proteinase K and the anti-H3
mAb LG2-1,31 but not polymyxin B, heat, or IgG (Figure
2E). Similar results were obtained with recombinant hu-
man histone H4, the activity of which was inhibited by the
anti-H2A/H4 mAb BWA3 (Figure 2F).
Based on the observation that histones activate human
platelets through TLR2 and TLR4,39 HDMECs were pre-
treated with anti-TLR2 (IgG), anti-TLR4 (IgA), or both at
10 g/mL before stimulation with HeH. Compared with
control IgG, treatment with anti-TLR2 consistently inhib-
ited the IL-8 response to HeH by 30.1  2.9% (Figure
3A). On the other hand, anti-TLR4 had a similar inhib-
itory effect as control IgA, which could be attributed to
the negative charge on IgA, which allowed it to bind to
positively charged histones.40 No effect of IgA was
seen on the response to lipoteichoic acid or muramyl
dipeptide (data not shown). As well, anti-TLR4 but not
IgA inhibited the response to ultrapure lipopolysaccha-
ride (100 ng/mL) by 85% (data not shown). Down-
stream of surface receptors, stimulation with HeH re-
sulted in phosphorylation of Src family kinases (Figure
3B) and p38 MAPK (Figure 3C). IL-8 production was
inhibited by pathway-specific inhibitors (Figure 3D).
The importance of HeH internalization and subsequent
endosomal processing for IL-8 production was demon-
strated by pretreatment of HDMECs with chloroquine
(25 mol/L), which inhibits endosomal acidification,
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mediated endocytosis (Figure 3E).
Effect of Charge on Endothelial Damage
To determine the mechanism whereby histones induce
endothelial permeability, HDMEC monolayers treated
with parasite histones were examined under epifluores-
cence microscopy. As shown previously for cells incu-
bated with parasite merozoites,25 HeH induced discon-
tinuous staining of the junctional protein ZO-1 and also
induced considerable gap formation, compared with un-
treated controls (Figure 4A). In addition, 39.7  16.7% of
cells died when they were stimulated with HeH, com-
pared with 8.4  1.3% of unstimulated cells (Figure 4B).
These results are consistent with the cytotoxic effect of
calf thymus histones on the endothelial cell line EA.hy96
and primary human umbilical vein endothelial cells.28 The
cytotoxic effect of HeH was not inhibited by the pan-
Figure 2. Recombinant P. falciparum H3 and human H4 induced IL-8
production and endothelial permeability. A: Recombinant PfH3 was run
on a 6% SDS-PAGE gel and visualized with Coomassie Blue staining. A
single band at approximately 15 kDa is seen for both 5 and 10 ng/lane. B:
Western blot of PfH3 with a polyclonal anti-His tag antibody at 1:1000
dilution. A single band at approximately 15 kDa is seen for both 1 and 5
ng/lane. Results are representative of three independent experiments. C:
Dose-response relationship of PfH3 for permeability as measured by
albumin-FITC flux (n 	 3) and IL-8 production (n 	 3) at 24 hours. D:
Dose-response relationship of human H4 for permeability (n 	 3) and
IL-8 production (n 	 3) at 24 hours. E: Inhibition of permeability and IL-8
production by histone depletion of PfH3 achieved using mAb LG2-1 (100
g/mL) against H3 and proteinase K, but not heat or polymyxin B (20
g/mL) (n 	 3). F: Inhibition of permeability and IL-8 production by
histone depletion of human H4 achieved using mAb BWA3 against
H2A/H4 (100 g/mL) and proteinase K, but not heat or polymyxin B (20
g/mL) (n 	 3). *P  0.05, **P  0.01, and ***P  0.001, compared with
control by Student’s paired t-test, or between indicated groups by analysis
of variance with post hoc analysis with Tukey’s test.caspase inhibitor Z-VAD-fmk (data not shown), suggest-ing that cell death was not the result of caspase-depen-
dent apoptosis. In contrast to IL-8 production, induction
of permeability did not require p38 MAPK phosphoryla-
tion or TLR2 ligation, but was partially Src family kinase-
dependent (Figure 4C).
Given that histones are strongly cationic peptides, we
next determined whether the observed endothelial dam-
age could be mediated by the positive charge on them.
Preincubation of HeH with the polyanionic glucose poly-
mer dextran sulfate abrogated its effect on both endothe-
lial permeability and IL-8 production (Figure 4D). A sim-
ilar effect was seen with preincubation of HeH with
polyanionic polyvinyl sulfate (Figure 4E). The importance
of charge for permeability was corroborated by inducing
endothelial cell death (Figure 4F) and permeability (Fig-
ure 4G) with a positively charged amino acid polymer,
poly-L-lysine. However, poly-L-lysine did not induce IL-8
production (Figure 4G), supporting the notion that, al-
though charge appears sufficient for induction of perme-
ability, IL-8 production requires activation of intracellular
signaling pathways.
Figure 3. P. falciparum histone extracts induced IL-8 production through
TLR2, Src family kinases, and p38 MAPK. A: Partial inhibition of IL-8 pro-
duction in response to HeH by anti-TLR2, but not anti-TLR4. HDMECs in
96-well plates were preincubated with antibodies (10 g/mL) singly or in
combination at 37°C for 30 minutes before the addition of 50 g/mL of HeH
for 24 hours (n 	 5). B: Time course and Western blot of HeH-induced
phosphorylation of Src family kinases. HDMECs were seeded at 1  105
cells/well in 12-well plates. Lysates at each time point were harvested in 50
L of hot sample buffer (n 	 2). C: Time course and Western blot of
HeH-induced phosphorylation of p38 MAPK (n 	 2). D: Inhibition of IL-8
production in response to HeH by 10 mol/L SB20358 and 10 mol/L PP1
(n 	 4) E: Inhibition of IL-8 production in response to HeH by chloro-
quine (25 mol/L) and dynasore (80 mol/L) (n 	 3). In both D and E,
inhibitors were added 30 minutes before stimulation with HeH. *P  0.05,
between indicated groups by analysis of variance with post hoc analysis
with Tukey’s test.
with poly-L-lysine 25 g/mL for 24 hours (n 	 3). *P  0.05, **P  0.01,
and ***P  0.001, compared with control values by Student’s paired t-test.
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Activated protein C is a potent endothelial-derived anti-
inflammatory and anti-coagulant factor.41 The recombi-
nant human protein (rhAPC) is currently in clinical trial for
the treatment of sepsis.42 Among its pleiotropic effects,
rhAPC has been shown to protect against endothelial cell
death in vitro, and against histone-induced mortality in
mice in vivo, by its proteolytic effect on purified bovine
histones.28 To determine whether rhAPC has a similar
proteolytic effect on plasmodial and human histones,
PfH3 and human H4 were incubated with 1 mol/L rhAPC
for 1 hour at 37°C. Proteolytic cleavage of both recombi-
nant proteins by rhAPC was indicated by the complete
loss of the full-size proteins and the associated presence
of low molecular weight degradation products (Figure
5A). rhAPC at 100 nmol/L or 1 mol/L also cleaved HeH
in a time- and dose-dependent manner (Figure 5B).
When rhAPC-treated HeH (1 hour at 37°C) were added to
HDMECs at a final concentration of 100 nmol/L rhAPC
and 50 g/mL of HeH, IL-8 production was reduced
(Figure 5C). On the other hand, inhibition of permeability
required preincubation of rhAPC and HeH at 37°C for 24
hours (Figure 5D). Inactivating rhAPC at the end of the 24
hours of coincubation with HeH by heating the mixture at
95°C for 15 minutes before addition to HDMECs did not
abrogate the inhibitory effect on permeability, suggesting
that the action of rhAPC is on histones and not endothelial
cells.
Figure 5. Activated protein C inhibited permeability and IL-8 induction by
HeH. A: Proteolytic degradation of recombinant PfH3 and human H4 by
incubation with rhAPC (, 1 mol/L) or proteinase K (, 100 g/mL) for
1 hour at 37°C. Results are representative of two experiments. B: Time- and
dose-dependent proteolytic degradation of HeH by rhAPC. HeH were incu-
bated with rhAPC (, 100 nmol/L; , 1 mol/L) for 1 or 24 hours at 37°C.
Gels were stained with Coomassie Blue. Results are representative of two
experiments. C: Pretreatment of HeH with rhAPC for 1 hour at 37°C minutes
inhibited IL-8 production. Heat inactivation (95°C for 10 minutes) of rhAPC
HeHmixture after preincubation for 24 hours but before addition to HDMECs
did not abrogate the inhibitory effect of the mixture on IL-8 production (n 	
3). D: Pretreatment of HeH with rhAPC for 24 hours, but not 1 hour, inhibited
increase in permeability. Heat inactivation (95°C for 10 minutes) of rhAPC 
HeHmixture after preincubation for 24 hours but before addition to HDMECs
did not abrogate inhibitory effect of the mixture on permeability (n 	 3).Figure 4. Effect of HeH-associated charge on endothelial damage and
IL-8 production. A: 1  105 HDMECs were seeded on gelatin-coated glass
coverslips and incubated until 3 days after confluence. HeH at 50 g/mL
was added for 24 hours, after which coverslips were washed in Hank’s
buffered saline solution and fixed in 1% paraformaldehyde at 4°C for 30
minutes. Monolayers were stained for ZO-1 expression after permeabili-
zation with 0.1% Triton X-100 and imaged using an Olympus upright
IX-81 confocal microscope with a PlanAPO N 60 NA1.42 objective,
argon 488 laser, and FluoView 1000 software. Compared with unstimu-
lated HDMECs, monolayers stimulated with HeH displayed extensive
disruption of paracellular junctions. Results shown are representative of
three independent experiments. Original magnification, 600. B: Cyto-
toxicity of HeH on HDMECs as determined by flow cytometry. HDMECs
in 96-well plates were incubated with HeH at 50 g/mL for 24 hours.
Cycloheximide 100 g/mL was used as positive control. Cell were
trypsinized, washed, and stained with propidium iodide. Results shown
are representative of three independent experiments. C: Induction of
permeability by HeH as measured by FITC-albumin flux in the absence or
presence of 10 mol/L SB20358 (p38 inhibitor), 50 M ZVAD-fmk (pan-
caspase inhibitor), 10 mol/L PP1 (Src family kinase inhibitor), and 10
mol/L PP3 (inactive analog) (n 	 3). D: Inhibition of permeability and
IL-8 induction when HeH was preincubated with polyanionic dextran
sulfate (DS) for 30 minutes at 37°C (n 	 3). E: Inhibition of permeability
and IL-8 induction when HeH was preincubated with polyanionic poly-
vinyl sulfate (PVS) for 30 minutes at 37°C (n 	 3). F: Dose-dependent
cytotoxicity of poly-L-lysine on HDMECs as determined by propidium
iodide uptake (n 	 3). G: Induction of permeability as measured by
FITC-albumin flux, but not induction of IL-8 production, was achieved*P 0.05, **P 0.01, and ***P 0.001 between indicated groups by analysis
of variance with post hoc analysis with Tukey’s test.
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Schizogony
To demonstrate that histones could be released during
schizogony at the end of the 48-hour life cycle of P.
falciparum, the release of nuclear contents was examined
by live cell imaging. In these experiments, IRBCs con-
taining mature schizonts purified by magnetic-activated
cell sorting were observed by confocal microscopy in
culture medium containing a membrane impermeable
DNA dye, Sytox Green. The Sytox Green signal became
strongly positive over the 4 hours after IRBC rupture
(Figure 6A). Because Sytox Green is not membrane per-
meable, the finding indicated either that there was free
DNA or that the merozoite membrane had been compro-
mised. At the level of an individual IRBC, the rupture of a
merozoite and a schizont occurred over a 10-minute pe-
riod (Figure 6B; see also Supplemental Video S1 at http://
ajp.amjpathol.org). We confirmed the release of histones
in conjunction with DNA by detecting nucleosomes coin-
cident with IRBC rupture and merozoite release in the
supernatant of late-stage schizonts cultured at 10% par-
asitemia and 1% hematocrit (Figure 6C).
Circulating Nucleosomes Are Increased in
Patients with Severe Falciparum Malaria
Induction of endothelial permeability and IL-8 production
by parasite histones and the release of parasite histones
in vitro suggest the potential pathological significance of
plasmodial nucleosomes. Nucleosomes are composed
of 140 bp of double-stranded DNA wrapped around a
protein core of H2A, H2B, H3, and H4 histones. To de-
termine whether these components are present in the
circulation during a malarial infection, we used ELISA to
measure nucleosome concentrations in plasma samples
from a large clinical study on severe falciparum malaria in
adults.29,30 Plasma samples from patients with uncompli-
cated malaria and sepsis were included for compari-
son.43 Nucleosomes were markedly elevated in plasma
from patients with severe malaria on admission (n 	 45),
compared with patients with mild infection (n 	 20) and
patients with severe sepsis (n 	 16) (Figure 7A). There
was a significant reduction of circulating nucleosomes in
convalescent plasma (7 days after admission), after
clearance of infection (Figure 7B). Plasma nucleosome
levels correlated significantly with IL-1, IL-6, IL-8, IL-10,
IFN-, and TNF- (see Supplemental Figure S2 at http://
ajp.amjpathol.org). In the small cohort of patients studied,
circulating nucleosomes were significantly increased in
patients who died of severe falciparum malaria, com-
pared with survivors (Figure 7C).
The significant cytotoxicity of histones on endothelial
and perhaps other host cells suggests that circulating
nucleosomes in patients could also be of host origin.
Indeed, nucleosomes were detected in the culture super-
natant of HDMECs stimulated with HeH in a time-depen-
dent manner (Figure 7D). Because the conserved nature
of histones precluded determination of the origin of cir-
culating nucleosomes in patients at the protein level, weused qPCR to detect human and parasite DNA in the
plasma with primers for P. falciparum 18S RNA and hu-
man -globin, as described inMaterials and Methods. The
results showed that, although human DNA was detected
in normal controls as well as in patients with uncompli-
cated falciparum malaria, the level was significantly
higher in patients with severe infection (Figure 7E). Par-
Figure 6. Real-time imaging of DNA release at schizogony. Live cell imaging
was performed in ibidi -slide VI0.4 chambers equilibrated and maintained at
37°C and 5% CO2 for the duration of the experiment. Purified IRBCs con-
taining late-stage parasites (46 hours) were added to ibidi chambers pre-
coated with poly-L-lysine (1 mol/L for 10 minutes) to immobilize IRBCs for
prolonged imaging. Nonadherent IRBCs were washed off with RPMI 1640,
after which RPMI 1640 with 5% Albumax and 300 nmol/L Sytox Green was
added to the chambers for the remainder of the experiment. A: IRBCs were
imaged using an Olympus IX81 inverted confocal microscope with a Pla-
nAPO 60 oil immersion objective (NA 1.42), and controlled and captured
with FluoView 1000 software. Images were captured before IRBC rupture (0
minutes) and after rupture (240 minutes). No Sytox Green could be detected
initially, but after rupture free nuclear materials stained brightly with the
membrane-impermeable dye Sytox Green. Differential interference contrast
(DIC) images of the same field showing the density of IRBC. Original mag-
nification, 600. B: Serial images of the same field of view, digitally magni-
fied 3.5, showing rupture of a schizont (arrow) and a merozoite (arrow-
head) over the course of 10 minutes. Still images at 20-second intervals were
compiled into a video with NIH ImageJ software version 1.44 (see Supple-
mental Video S1 at http://ajp.amjpathol.org). Results are from one experi-
ment. C: Time course of nucleosome release in supernatant of parasite
cultures. 3D7 parasites were synchronized with 5% sorbitol within 4 hours of
reinvasion. Synchronized IRBCs were cultured in RPMI 1640  Albumax at
10% parasitemia and 1% hematocrit in six-well plates. Supernatants for
nucleosome measurement were collected at 0, 24, 44, 48, 52, 56, and 60
hours (n 	 3). *P  0.05, compared with control values by Student’s paired
t-test.asite DNA was also significantly higher in patients with
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from in vitro studies, these clinical results suggest that
both host and parasite histones could play an important
role in endothelial dysfunction and thus outcome of se-
vere falciparum malaria.
Discussion
Endothelial activation after coincubation with IRBCs has
been demonstrated in vitro with both primary and immor-
talized human endothelial cells. The proposed mecha-
nisms of activation (reviewed by Chakravorty et al44) are
as varied as the cell type or parasite line and assays
used. Several studies suggest that, although close prox-
imity of IRBCs to endothelial cells is important for the
activation of a proinflammatory response and endothelial
permeability, cytoadherence per se may not be cru-
cial.45–47 Disruption of endothelial junctional proteins
could occur as a result of the direct effect of merozoite
Figure 7. Circulating nucleosomes of both human and parasite origin were in-
creased in patients with severe falciparum malaria. Nucleosome levels in plasma
from patients with severe and mild falciparum malaria (defined according to World
Health Organization criteria) were measured by ELISA. Data are reported as median
and interquartile range. A: Nucleosome levels at admission were elevated in 45
patientswith severemalaria, comparedwith 20patientswithmildmalaria, 13 normal
control subjects, and 16 patients with sepsis. B: Return of nucleosome levels to
normal 7 days after initiation of antimalarial treatment. C: Nucleosome levels were
higher in nonsurvivors, compared with survivors. D: Time course of release of
nucleosomes in culture supernatant of HDMECs stimulated with HeH 50 g/mL. E:
Quantitation of DNA for the human  globin gene in patient and control plasma
(n	 11). F:Quantitation of DNA for the P. falciparum 18S RNA gene in patient and
control plasma (n	 11 and 8, respectively). Both host and parasite DNA quantities
were higher in patients with severe falciparum malaria. Clinical data were analyzed
by nonparametric analysis: Kruskal-Wallis test followed by Dunn’s multiple com-
parison for unmatched multiple comparisons (A, E, and F), Wilcoxon signed rank
test for single paired comparisons (B), and Mann-Whitney test for single unpaired
comparisons (C). Data from in vitro experiments (D) were analyzed by Student’s
paired t-test. *P  0.05, **P  0.01, and ***P  0.001.proteins,25 or metabolic acidosis induced by IRBCs.48Another report links endothelial permeability to the forma-
tion of endothelial cup-like structures at the site of IRBC
adhesion.49 Endothelial cell apoptosis has also been im-
plicated as a mechanism of increased endothelial per-
meability.50–52 However, neither apoptosis nor the acti-
vation of caspase gene transcription could be confirmed
in other studies.45,46 The one unifying concept that
emerges from the disparate results is that modifications
of endothelial cells by IRBCs could play a very important
role in the outcome of the infection.
The requirement for close proximity of IRBCs and en-
dothelium to elicit endothelial cell activation suggests that
some relatively insoluble parasite product may be di-
rectly deposited on the endothelium to initiate activation.
Candidates include GPI, hemozoin, or products released
from food vacuoles or merozoites.14,25 Activation may be
further amplified by exposure to host molecules such as
uric acid,14 phosphatidylserine,48 or fragments of red cell
membrane that have been taken up by trogocytosis.49
Our results with histones fit well within this paradigm, in
that histones are abundant, relatively insoluble proteins
released at schizogony and have a strong ability to in-
duce endothelial proinflammatory response, barrier dys-
function, and cell death. The extent of endothelial cyto-
toxicity in vivo remains to be determined. Based on
histopathological studies of postmortem tissues, gener-
alized endothelial cell death is not a prominent feature of
acute falciparum malaria. However, acute lung injury with
associated endothelial cell damage does occur in severe
falciparum malaria in adults.23,24
Given their strong positive charge, histones may also
preferentially accumulate in regions of high negative
charge, such as the glomeruli in kidneys, as shown in
murine models of lupus nephritis.53 The high levels of
circulating nucleosomes in the plasma of acutely infected
patients, compared with what we and others43 detected
in septic patients, and the similarity to cancer patients
undergoing chemotherapy for various malignancies54
suggest that cell death in severe falciparum malaria may
be more extensive than previously appreciated. Future
studies to clarify a pathogenic role for human and para-
site histones in vivo should include clinical studies that
monitor the time course of release of host and pathogen
DNA, as well as the relation to severity. Such studies
would be greatly facilitated by antibodies that can dis-
criminate the subtle differences between human and P.
falciparum histones. Detection of histones in postmortem
tissues would also shed light on the in vivo distribution of
this parasite component.
P. falciparum undergoes extensive changes in nucleo-
some composition during its life cycle.55 In early rings
and in late schizonts/merozoites (ie, at the very beginning
and end stages of the erythrocytic 48-hour life cycle),
approximately 50% of the genome is found in nucleo-
somes. P. falciparum H3 with the modification H3K9Me1
has been shown to partially colocalize with proteins on
the membrane of the parasitophorous vacuole,56 which
suggests that histones may be released from parasito-
phorous vacuoles or merozoites at the time of schizog-
ony. This result is consistent with what we observed with
live cell imaging using Sytox Green and with the detec-
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that the average parasite burden in a patient with fatal
falciparum malaria is approximately 3.4  1012,57 and
considering that 50% of merozoites do not succeed to
reinvade new erythrocytes,58 the number of extraerythro-
cytic merozoites that eventually degrade in vivo could be
considerable, particularly in the microcirculation, where
parasitemias are often as high as 100%. That is not even
taking into account the amount of host histones that could
be released as a consequence of the direct cytotoxic
effect of parasite histones.
The strong positive charge (pI  10.5) of histones
appeared to be sufficient for the induction of endothelial
permeability. Endothelial cells have a negatively charged
glycocalyx and basement membrane that is integral to
repelling negatively charged albumin (pI  4.5), the pri-
mary serum protein responsible for maintenance of fluid
balance between the vascular and extravascular com-
partments. Together with the ability of histones to directly
bind albumin, positively charged histones may serve to
neutralize these repulsive charge-based forces and allow
the flux of albumin across endothelial monolayers, lead-
ing to interstitial edema. Histone-induced cell death may
also contribute to endothelial permeability. The inability of
specific inhibitors of p38 MAPK and caspases to affect
permeability, the neutralizing effect of two unrelated poly-
anionic polymers, and the ability to induce increases in
permeability with a polycationic polymer provide further
support for a charge-based mechanism of increased per-
meability by plasmodial histones.
Although P. falciparum histones were the subject of the
current investigations and clearly have potent proinflam-
matory and disruptive effects on microvascular endothe-
lium, our results also point to a possible role for host
cell-derived histones, which were demonstrated to be
released as a result of cell death induced by parasite
histones. In addition, there may be other soluble parasite
proteins that may be extracted with hydrochloric acid,
such as the DNA-binding proteins high mobility group
box 1 and 2 (HMGB1 and 2) that, similar to their human
counterparts, may activate proinflammatory responses in
leukocytes. Human HMGB1, in combination with human
or bacterial DNA, has been shown to induce proinflam-
matory responses in macrophages through activation of
TLR2, TLR4, or receptor for advanced glycation end
products (RAGE).59 In endothelial cells, human HMGB1
has been shown to induce permeability through activa-
tion of RAGE-dependent60 and MAPK/PI3K/NF-B-de-
pendent IL-8, MCP-1, and PAI-1 production.61 However,
unlike the high homology between human and parasite
histones, the degree of homology between PfHMGB1
and PfHMGB2 and the human proteins is low (23% and
21%, respectively). Plasmodia also possess heat shock
proteins (HSP), and PfHSP70 is thought to have adjuvant
and proinflammatory activities through TLR2/4 and TLR4/
MyD88 activation, respectively.62 Future studies of the
effect of these and other potential mediators in endothe-
lial cells may shed new light on the pathogenic role of
additional subcellular parasite components.
As reported previously for calf thymus histones,28 the
protective effect of rhAPC against plasmodial histonesappeared to be related to its dose- and time-dependent
proteolytic activity. The longer preincubation of rhAPC
with HeH required for the inhibition of permeability, com-
pared with inhibition of IL-8 production, could be due to
the fact that permeability reached maximum levels earlier
(4 hours) than did IL-8 (24 hours), so that histones
needed to be sufficiently degraded before addition to
endothelial cells. The concentration of rhAPC required to
degrade plasmodium histones in vitro was 2 to 3 log
higher than the reported mean steady-state circulating
rhAPC level of 50 ng/mL, achieved in patients given the
standard infusion of 24 g/kg/h for 96 hours.63 Neverthe-
less, degraded histones were detected in the plasma of a
patient with sepsis who received rhAPC, and physiolog-
ical doses of rhAPC are proteolytic toward histones when
potentiated by lipids found in serum.28 In addition to its
activity on histones, rhAPC may be beneficial in select
patients with severe falciparum malaria through its pleio-
tropic effects on coagulation, inflammation, and perme-
ability (reviewed by Mosnier et al41). Clinical improve-
ment within hours of rhAPC administration has been
described in three separate case reports of severe ma-
laria.64–66
In conclusion, our results provide significant new in-
sight into endothelial activation in P. falciparummalaria by
identifying histones of both human and parasite origin as
strong inducers of a complex pattern of endothelial cell
responses (Figure 8). We propose that parasite histones
from merozoites released in the proximity of endothelial
cells during schizogony of cytoadherent IRBCs exert a
disruptive effect on endothelial barrier function through a
charge-related mechanism. In addition, parasite histones
activate TLR2 and other innate receptors, leading to the
induction of inflammatory mediators through a signaling
pathway involving Src family kinases and p38 MAPK. The
Figure 8. Proposed model of the induction of endothelial proinflammatory
response and barrier dysfunction by P. falciparum histones. Parasite histones
from merozoites are released in the proximity of endothelial cells during
schizogony of cytoadherent IRBCs, where they exert a disruptive effect on
endothelial barrier function through a charge-related mechanism. In addi-
tion, parasite histones activate TLR2 and other innate receptors, leading to the
induction of inflammatory mediators through a signaling pathway involving
the Src family kinases and p38 MAPK. The pathological effect of parasite
histones may be further amplified by the release of host histones and other
endogenous mediators from dying cells. The proinflammatory activity of
both plasmodial and human histones can be inhibited by rhAPC.pathological effect of parasite histones may be further
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dogenous mediators from dying cells. The proinflamma-
tory activity of both plasmodial and human histones can
be inhibited by rhAPC. These results may have important
implications for infection with other histone-containing
pathogens, such as parasites and fungi. We have also
identified possible new targets for therapeutic interven-
tions in severe falciparum malaria, including halting en-
dothelial activation by using rhAPC.
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